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Introduction

Brain arteriovenous malformations (BAVMs)
are relatively uncommon. In the western popu-
lation the prevalence has been estimated to be
between 0.06% and 0.11% and the incidence to
be between 0.01% and 0.001% 1-9.They are a
major cause of hemorrhagic stroke in the young
and middle aged population, second only to
rupture of an arterial aneurysm. Other neu-
rovascular disease entities that may expose a
patient to a risk of intracranial hemorrhage are
dural arteriovenous shunts (DAVSs), also called
fistulae, and cavernomas.

In adults, DAVSs are about ten times less
common than BAVM 10. The incidence of caver-
noma in the western population is not very well
known, principally due to the low risk of devel-
oping neurological symptoms as a result of the
disease.

To prevent the neurological sequelae that
would most likely result from a future hemor-
rhagic event, patients with BAVMs or DAVSs
(i.e. DAVS with cortical venous drainage) are
most often subjected to treatment unless it is
anticipated that the risk posed by the preven-
tive action itself cannot be justified. For pa-
tients with cavernomas, opinions differ about
what is the proper management strategy.

This article focuses on the treatment of neu-
rovascular diseases, in particular BAVMs, with
radiosurgery (RS). The author’s experience is
mostly in Gamma knife radiosurgery (GKRS).

Summary

This article focuses on the treatment of neu-
rovascular diseases, in particular brain arteri-
ovenous malformations (BAVMs), with radio-
surgery. The target group for this review is
physicians who manage patients with neurovas-
cular diseases, but are not actively engaged in ra-
diosurgery.

Radiosurgery for BAVMs is an established
treatment with clearly defined risks and benefits.
The efficacy of radiosurgery for dural arteriove-
nous shunts (DAVSs) is probably similar but the
treatment has not yet gained the same acceptance.
Radiosurgical treatment of cavernomas (cav-
ernous hemangiomas) remains controversial.

Well founded predictive models for BAVM
radiosurgery show:

• The probability of obliteration depends on
the dose of radiation given to the periphery of
the BAVM.

• The risk of adverse radiation effects de-
pends on the total dose of radiation, i.e. the
amount of energy imparted into the tissue. The
risk is greater in centrally located lesions. The
risk of damage to brainstem nucleii and cranial
nerves must be added to the risk predicted from
current outcome models.

• The risk of hemorrhage during the time
span before obliteration depends on the BAVM
volume, the dose of radiation to the periphery of
the lesion and the age of the patient. Central lo-
cation is a probably also a risk factor.
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The examples and the majority of references
come from this irradiation technique.

The target group for this review is physicians
who manage patients with neurovascular dis-
eases, but are not actively engaged in RS.

Definitions with comments
Radiation units

Radiosurgery is performed using heavy
charged particles (proton beam) or photons
with different levels of energy, i.e. X-rays (lin-
ear accelerator, LINAC) or gamma-rays (Gam-
maknife, GK).

Proton beam RS relies on the Bragg-peak ef-
fect to minimize the irradiation to the sur-
rounding tissue 11,12. It is performed only at a
very limited number of dedicated centers and
will not be discussed in detail.

Many LINAC:s have been adapted for
stereotaxy, with the radiation source moving
around the patients head in arcs or more com-
plicated patterns. High precision can be at-
tained with new equipment utilizing multi-leaf
collimators 13. However, no studies on the effect
of mechanical wear on their precision has been
published to our knowledge.

The Gamma Knife (Elekta Instruments AB,
Stockholm, Sweden) is a half sphere of pure
iron with a hollow centre. Inside the sphere
there are 201 Cobalt-61 sources, focused at an
isocenter where the target volume is posi-
tioned. Very high precision is possible because
of the mechanical stability of the system 14.

The GK is superior to stereotactically adapt-
ed LINACs in target conformity, dose gradient
and precision but not in dose homogeneity. It is
unclear how this affects the outcome. Confor-
mity and dose homogeneity are inversely relat-
ed to each other, i.e. homogeneous dose distri-
bution implies low conformity. For the same
reasons irradiation to the surrounding tissue is
higher with LINAC than with the GK.

Radiosurgery or radiotherapy
Radiosurgery refers to external high preci-

sion single dose irradiation of a small target vol-
ume, typically intracranial 15,16. Rapid dose fall
off outside the target volume is inherent in the
technique. With the GK in a clinical setting 50%
dose fall off over a distance of 5-7 mm is com-
mon, and up to 40% per mm can be achieved.
Due to the more homogeneous dose distribu-
tion, the dose fall off is less sharp for LINAC

and proton beam RS. The dose fall off in combi-
nation with high precision (which can, under
optimal conditions, be in the sub-mm range
throughout the imaging and treatment chain)
make it possible to deliver a high dose of radia-
tion to the target volume with an acceptable
dose to the surrounding tissues 14. Good confor-
mity between the target volume and the pre-
scription isodose volume is another fundamen-
tal characteristic of RS 17.

Spatially fractionated or staged volume RS
refers to irradiation of different parts of the
target volume during different treatment ses-
sions 18. Typically one part of a complex BAVM
is treated first, with a full dose of radiation.
The obliteration of the first part facilitates de-
lineation and treatment of the remaining
nidus 19. Each session is a separate treatment
with a full dose of radiation. In the teratmetn
of BAVM the prescription dose (dose to the
target periphery) will commonly be in the in-
terval 18-25 Gy.

Temporally fractionated RS or hypofraction-
ation is a misnomer for precision radiotherapy,
i.e. treatment of the same volume in several
sessions with low doses of radiation 20. This
technique does not seem to be beneficial in the
treatment of BAVMs and can increase the risk
for complications without a concomitant in-
crease in the likelihood of positive therapeutic
effects 21,22. In a previous report, the long term
results of fractionated LINAC irradiation of
large BAVMs were dismal 23.

Another scheme for hypofractionation in tre-
atment of large BAVMs is whole target irradia-
tion with reduced dose, with the aim being to
treat a second time months or years later, when
the lesion may have diminished in flow and vol-
ume. Data on the outcome of this strategy are
very sparse.

It is clear that multiple treatments with irra-
diation of a BAVM carry a relatively higher
risk of adverse radiation effects as compared to
a single treatment, if all other factors are un-
changed 24.

Imaging
Accurate imaging is absolutely essential in

RS. The geometric distortion in magnetic reso-
nance imaging (MRI), particularly in 3T scan-
ners, can be considerable and not even comput-
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Figure 1 A) Vertebral angiography, posteroanterior view. A
poorly defined BAVM is present in the quadrigeminal cis-
tern, draining into the precentral vein. B) Vertebral angiog-
raphy, lateral view. The same BAVM is visible. C) Biplane
angiography in stereotactic frame. The final dose plan is pro-
jected onto the angiographic images. The 20 Gy isodose is
depicted in yellow and and the 10 Gy isodose in green. D)
The same dose plan has been projected onto the stereotactic
MRI. The red and blue lines represent the projections from
the stereotactic angiography. Note how the 20 Gy isodose
line (yellow) has been shaped to avoid excessive irradiation
to the quadrigeminal plate. The dose fall off is 10 Gy within
5 mm (green line). The left superior quadrigeminal body was
damaged by the initial hemorrhage and the patient had per-
manent diplopia. Therefore was accepted a slightly higher
than usual radiation dose to the left side of the quadrigemi-
nal plate. The BAVM nidus was not discernible on the MRI,
performed without and with Gadolinium and including MR
angiography. At angiography two years after the treatment
the BAVM had obliterated. There was no complication to
the treatment and no rehemorrhage.
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ed tomography (CT) is completely free of dis-
tortion 25-28. Rigorous monitoring of the equip-
ment is crucial 14.

Biplane stereotactic conventional angiogra-
phy, if necessary with correction of the geomet-
ric image distortion originating from the image
intensifiers, is the “gold standard” in delin-
eation of the niduses of BAVMs and DAVS.
Angiographic data should be merged with MRI
or CT to visualize adjacent radiation-sensitive
structures and normal brain tissue 28-32. Conven-
tional angiography has the advantages of very
high resolution and abundant information on
hemodynamics, but is limited by being two di-
mensional projections of three dimensional
structures. MRI and CT provide better volume
data but lower spatial resolution and less infor-
mation about hemodynamics. The initial delin-
eation from conventional angiography is thus
adjusted according to the information provided
by the MRI or CT (figure 1A-D).

Rotational angiography has limitations, giv-
ing lower spatial resolution and little hemody-
namic information, and its clinical role has to
be defined. Nevertheless, some centers find it
useful 33,34.

Indications for neurovascular radiosurgery

The major indications for neurovascular RS
are BAVMs and DAVSs. Generally, indications
can only be discussed in a management con-
text, and management strategies may vary ac-
cording to local expertise. Nevertheless, RS is
most often superior to surgery for deep-seated
lesions and those in eloquent cortical areas. The
advantages of RS over embolization are that
RS does not rely on vascular access and has a
higher success rate as judged by complete nidus
obliteration.

There are several subgroups among the cere-
bral arteriovenous shunts. One of those is Ren-
du-Osler-Webers syndrome or hereditary hem-
orrhagic telangiectasias (HHT), in which 5-
27% of the patients have cortical microfistulae
or BAVMs, most often multiple 35. The risk of
hemorrhage from a microfistulae or BAVM in
HHT is probably smaller than in sporadic
BAVMs 36.

In addition, BAVMs with very small volume
seem as a rule to carry a low risk of hemor-
rhage 37. Conversely, the risk of hemorrhage in
HHT patients may be higher than previously
thought 38 and the decision to treat or not to

treat is not clear-cut. However, if treated with
RS microfistulae in HHT respond in a fashion
similar to sporadic BAVMs 39.

Other BAVM subgroups are Wyburn-Ma-
sons syndrome, the cerebrofacial arteriovenous
metameric syndrome with manifestations along
the optic pathway, and proliferative angiopathy,
an almost holohemispheric disease with limited
arteriovenous shunting 40,41. Neither of these is
an indication for treatment with RS.

The treatment of choice for vein of Galen ar-
teriovenous malformations is embolization. RS
has no role in the management of these pa-
tients 42,43.

Microsurgery and embolization are estab-
lished treatment options for DAVS, and the in-
dications and methods have recently been well
described 44,45. However, a number case reports
and single center series have shown that the ef-
ficacy of RS for DAVS is comparable to that of
RS for BAVM 46-54.

Developmental venous anomalies (DVAs)
are abnormalities in the brain venous system,
previously named venous angiomas 55. They
usually do not exhibit any arteriovenous shunts
but may occasionally bleed, possibly from an
associated cavernoma 56,57. The only reported se-
ries of RS for DVA showed a high incidence of
complications 58. Being congenital variations in
the normal venous system DVAs should not be
treated with RS.

There is no agreement on whether RS has a
role in the management of patients with caver-
nomas, regardless of whether they have bled or
not. Some single center series suggest that prior
hemorrhage from a cavernoma may be a risk
factor for repeat hemorrhage and thus may
warrant treatment with surgery or RS 59,60. With
irradiation doses similar to those used in
BAVM treatment the incidence of complica-
tions has been higher in cavernomas than in
BAVMs, and it is unclear whether this treat-
ment has reduced the risk of hemorrhage 61,62.

No treatment or surgery seems to be the
most common management, but some advocate
RS with low doses of radiation, claiming reduc-
tion of the risk of hemorrhage 62-66. In our insti-
tution patients with cavernomas are not treated
with RS.

There are anecdotal reports on GKRS for
arterial aneurysms. In view of the results of em-
bolization and surgery there is no place for RS
in the management of the patient with an
aneurysm.
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Target definition

Variations in target definition practices are
manifold and in the following discussion we re-
ly to a large extent on our own practical expe-
rience. Target definition of BAVMs and DAVSs
should ideally be based on biplane angiography

with an image frame rate of no less than four
per second. The BAVM nidus is delineated
from the image or images when the draining
veins begin to fill with contrast medium 29. Pre-
viously embolized lesions can have a very com-
plex hemodynamic patterns that makes the de-
lineation difficult (figure 2A-C). Because of the

A

D

B

C

Figure 2 Rolandic BAVM, previously embolized at another institution with occlusion of the Rolandic artery. The BAVM was
supplied by an extensive pial arterial collateral system. A) Angiography with injection into the left internal carotid artery.
Lateral view in the early phase of contrast media passage, just as the vein becomes visible. Two distinct shunting zones are
evident (arrows) which were separately delineated before GKRS. B) Later phase of the angiogram, when the vein is filled
with contrast medium. It is no longer possible to distinguish the shunts. The two separate target delineations are shown on
this image. C) Posteroanterior view in a late phase of the angiogram with the two separate target delineations. Treatment was
with 25Gy to the 50% isodose. D) After two years the BAVM was obliterated. There is no remaining arteriovenous shunt.
Note that the pial arterial collateral network has regressed almost totally.
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tendency of BAVMs to recruit transdural blood
supply, in particular after partial embolization,
the stereotactic angiography and follow-up
studies should include injection into the exter-
nal carotid artery 67. Very well circumscribed
BAVMs with compact nidus can occasionally
be better depicted by MRI or CT.

The intersection of two or more X-ray pro-
jections from angiography will define an “enve-
lope” which is the maximum extension of the
nidus, i.e in most cases an overestimation of the
target volume 68. In a second step, the superim-
position of the “envelope” onto axial images
(MRI or CT) with consecutive editing of the
volume allows for optimal nidus definition.
MRI will also add data about, diffusion, perfu-
sion and other tissue characteristics 69,70.

There are considerable interpersonal and in-
trapersonal variations in the results of target
definition 34,71,72. Additionally, in some radiosur-
gical centers the nidus volume is defined by the
nidus delineation, while in other centers it is
defined in retrospect from the dose plan, i.e. as
being the volume contained within the pre-
scription isodose 73 In an irregular nidus the dif-
ference between the two methods of definition
may be considerable. In addition, the conformi-
ty of the dose plan to the target may be good if
the patient is treated with multiple isocenters,
but less so if the patient is treated with only
one spherical lesion (figure 3) Thus, the same
target may be assigned different volume char-
acteristics depending on the delineation, the
dose planning and the irradiation equipment.
For BAVMs, other measurements are also com-
monly used, such as the single largest diameter,
corrected or uncorrected for the geometrical
magnification 74,75.

Unfortunately the differences in target defin-
ition, dose planning and volume calculation
makes it almost impossible to compare treat-
ment results between centers and even more so
between modalities, unless all targets have been
redefined according to the same protocol 76.

Radiobiological effects

Endothelial damage is the primary cause of
the gradually developing occlusive effect that
RS induces in the BAVM nidus, with minimal
damage to the surrounding normal vasculatu-
re 77. The secondary proliferation of smooth-
muscle cells and the elaboration of extracellu-
lar collagen by these cells, leads to progressive
stenosis and obliteration of the BAVM nidus.
The process may be identical in DAVSs, the
nidus of which comprises thrombus, neovascu-
larization and medial hyperplasia in basically
normal vessels 78. The radiobiological mecha-
nism behind the proposed effect of irradiation
on cavernomas is unknown.

Figure 3 Two examples of 100% coverage of an ellipsoid vol-
ume. In the first case there is good conformity to the volume
(grey ellipsoid) that has been covered with multiple lesions
(dotted circles). In the second case the volume has been cov-
ered with only one single spherical lesion (black circle with
blue background) as is common with less sophisticated or old
LINACs. Both treatments will be with the same nominal
minimum dose to the periphery of the target, but the amount
of tissue irradiated and the dose distribution will differ sig-
nificantly between the two “identical” treatments.

Figure 4 The relation between minimum dose to the pe-
riphery of the BAVM and likelihood of obliteration over a
2-year period. Reproduced with permission from Ref. (80).
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Outcome

In BAVM RS the rates of obliteration, com-
plication and hemorrhage are interrelated and
radiation-dose dependent. They are all account-
ed for in the available outcome models 24,79-82.
Therefore, it does not provide the whole picture
to discuss one outcome parameter without tak-
ing the others into account. Nevertheless, for di-
dactic reasons the outcome parameters, i.e.
obliteration, complication and hemorrhage, ha-
ve been separated in the following discussion.

For DAVSs and cavernomas there are no
outcome models.

Obliteration

The BAVM has been obliterated when the
arteriovenous shunt has closed. MRI can give a
very good indication of whether this is likely to
have occurred, but to confirm cure catheter X-
ray angiography is necessary 83,84.

Some groups claim that the likelihood of
obliteration depends only on the minimum ra-
diation dose to the periphery of the BAVM, as
shown in figure 4 80,85. If the dose plan conforms
perfectly to the target volume the minimum
isodose volume is the same as the prescription
isodose volume. If the conformity is less good,

Figure 5 MRI of a left frontal BAVM treated with a dose of 25Gy to the periphery in the GK. A) T2-weighted image at the
time of the treatment. B) T2-weighted image eight months after the treatment. The patient developed seizures. C) T2-
weighted image 12 months after the treatment. The patient was on steroids and anticonvulsive medication. D) T2-weighted
image 24 months after the treatment. The patient was no longer on steroids or anticonvulsive drugs. E) T1- weighted image
without Gadolinium 24 months after the treatment. F) T1- weighted image with Gadolinium 24 months after the treatment.
Note the contrast enhancement at the position of the previously treated BAVM. The malformation was proven by angiog-
raphy to be obliterated.
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the minimum dose to the target periphery will
differ from the prescription isodose “enve-
lope”.

Other groups claim that there is a dose-vol-
ume effect, i.e. the larger the BAVM the less
likely it is to be obliterated 86-88. However, in large
BAVMs the dose to the periphery is usually re-
duced with the aim to decrease the risk of com-
plications. Consequently, the apparent impact of
volume on the likelihood of obliteration may re-
sult from difficulties in separating the two inter-
dependent parameters, volume and radiation
dose. In any case, the size of the BAVM affects
the time period between RS and obliteration 89.

The gradually occlusive process usually be-
gins after about six months or earlier and can
continue up to five years after the treatment 90.
Brain hemodynamics, metabolism and cogni-
tive function normalizes with the regression of
the arteriovenous shunt 70,91.

Lesions that respond to RS will either have
shown significant flow reduction or have been
obliterated after three years in most cases. The
time lag until the shunt closes depends on the
average radiation dose to the BAVM 73.

Thus, as the radiation dose to the BAVM pe-
riphery increases, so does the likelihood of
obliteration and also the speed of the process.

Complications
In this context, adverse radiation effects or

radiation-induced complications are the appea-
rance of new or aggravated neurological symp-
toms together with imaging changes that are at-
tributable to the irradiation (figure 5A-F) 79,92.
Local damage to cranial nerves and nuclei may
cause clinical consequences but not lead to
changes visible on MRI images. Therefore such
complications are not included in the present
predictive model, and the likelihood of local
damage should be added to the risk of compli-
cations expressed in figure 6. The transient
edema that may appear around BAVMs, usual-
ly about a year after GKRS, is not considered
a complication, unless it gives rise to symp-
toms 93.

The risk of developing complications after
GKRS of a BAVM depends on the amount of
energy imparted into the tissue and on the lo-
cation of the malformation (figure 6). The risk
seems to be higher for BAVMs with central lo-
cation 79,94. It is not entirely clear whether this is
because central structures are more prone to
react to the radiation, or whether damage to

structures in these locations more readily caus-
es symptoms 95.

One study has shown that a prior hemorrhage
decreased the risk of complications, at least in
peripherally located BAVM (figure 6) 79. The
mechanism is not clearly understood; however,
it may be that the irradiated volumes due to the
prior damage contained less viable tissue.

The higher the average dose of radiation and
the larger the target volume, the higher the
amount of energy imparted into the tissues will
be, and consequently the risk of complications
will increase proportionally 82. This has also
been expressed as the “12Gy-volume” which is
the volume of tissue that receives 12Gy or
more of irradiation 96.

A transient complication usually lasts for
three to nine months, occasionally longer. Sym-
ptoms can be alleviated by the administration
of corticosteroids and sometimes antiepileptic
drugs for a limited time. About 50% of the
complications will leave some residual neuro-
logical deficit 97,98. At least for small BAVMs it
seems that the risk of developing an adverse ra-
diation effect is independent of which tissue is
included in the target volume, i.e. BAVM or
brain matter 82.

Long after the treatment, five years or more,
pseudocysts can occasionally develop, and even
bleed (figure 7) 99,100. These may have to be mar-
supialized or rarely extirpated.

Hemorrhage
The risk of intracranial hemorrhage remains

until the BAVM has been completely obliterat-
ed. At the time of treatment, it is obviously not
possible to predict which malformation will
obliterate and which will not. Data on hemor-
rhage during the latency period after the irradi-
ation is therefore a mix of two cohorts, those
whose BAVMs has been obliterated and there-
fore are not no longer at risk, and those with
remaining BAVMs who are consequently still
at risk. It seems that RS has a protective effect
before obliteration but the data are somewhat
contradictory 89,101,102. The risk of hemorrhage in
the latency period depends on the minimum
dose of radiation to the BAVM periphery as
well as the BAVM volume and the age of the
patient (figure 8,9) 81. A rough estimate is that
the risk is between one third and half the risk
of an untreated BAVM 81.

Occasionally a minute arteriovenous shunt
will remain, without a visible nidus, i.e. its pres-
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ence is revealed only by the premature contrast
filling of a draining vein. We have never seen a
hemorrhage from one of these remaining arte-
riovenous shunts, The only report in the litera-
ture of a bleed from such a persistent arteri-
ovenous shunt later turned out to be one of the
very rare occasions of BAVM growth adjacent
to the obliterated original nidus 103,104.

The nidus angioarchitecure probably has an
impact on the hemorrhage rate. However, little
is known and there are only a few reports re-
garding this subject 102

In a patient with a DAVS, the risk for hem-
orrhage probably remains as long as there is
cortical venous drainage from the shunt. So far
the risk of a bleed from a DAVS during the pe-
riod after RS before obliteration has not been
very well quantified, but seems to be in the
same range as for BAVMs 54.

Clinical outcome

Unless there is a complication, RS has little
or no impact on the surrounding brain. Cogni-
tive symptoms caused by the BAVM may im-
prove and seizures usually decrease in frequen-
cy or cease completely as the BAVM regresses
or is obliterated 91,105,106.

There is no evidence that RS for BAVMs in
the pediatric population causes cognitive im-
pairment, however data on children are very
limited 107-111. In view of the possible long-term
effects, caution is warranted.

Since the outcome of RS depends on the pa-
rameters discussed above, providing the crude
complication rate is an inappropriate way to
account for complications or hemorrhages. For
example, in a patient with a history of hemor-
rhage, a peripherally located 1 ml BAVM irra-
diated with 25 Gy to the periphery would have
roughly 75% probability of being obliterated
within two years and around 85% within three
years. The risk of complications (transient and
permanent) would be about 1% and the risk of
hemorrhage roughly 1% during the two-year
period.

The corresponding figures for a peripherally
located 3.3 ml BAVM that has not bled, irradi-
ated with a minimum dose of 22Gy, would be a
67% probability of obliteration within two
years, 5% risk of complications and 3% risk of
hemorrhage.

Mortality associated with the treatment per
se is virtually unheard of.

Retreatment

When a BAVM is treated for the second
time the risk of adverse radiation reactions is
higher than after the first treatment, all other
factors being equal. The likelihood of oblitera-
tion is, however, the same as after the first
treatment 24,112.

Permanency of obliteration

Recurrence of a previously treated BAVM or
appearance of a new BAVM has occasionally
been reported –almost exclusively in children-
after RS with angiographically proven oblitera-
tion 103,113.

Hemorrhage despite obliteration but without
recurrence has also been reported 101,114. The spo-
radic appearance does not permit quantification
of the likelihood of recurrence. Most likely it is
very unusual and therefore it seems unreason-
able to propose a late follow-up angiography in
patients with proven obliteration regardless of
age. On the other hand, late control angiogra-
phy in children with obliterated BAVMs has
been proposed 111. Some centers follow pediatric
patients with repeat MRI. However, since MRI
has limited sensitivity for small BAVM a nor-
mal scan does not rule out the appearance of a
new lesion 84.

Figure 6 The risk of radiation-induced complications as a
function of the average dose in a 20cm3 volume containing
the target and the surrounding tissues. Due to the small
number of complications the confidence intervals are large.
Reproduced with permission from Ref. (79).
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Neuroradiology after RS

There are many post RS imaging protocols.
In our institutions the routine follow-up proto-
col after GKRS of a BAVM is MRI with MRA
one and two years after the treatment. If the
BAVM is evident on the MRI two years after
RS, a conventional angiography is performed.

If the lesion is present at the two-year MRI we
routinely perform an MRI and a conventional
angiography three years after the treatment.

Common findings on the follow-up MRI are
edema around the lesion after six to 18 months,
which, however, often is asymptomatic and dis-
appears before the two-year control (figure
4A-d) 93. When the BAVM is obliterated it may
also leave a contrast enhancing “scar” that can
be present for years (figure 4E,F). Signs of a
significant adverse radiation reaction such as
radionecrosis with tissue destruction and se-
vere edema are unusual.

Several years after RS, fluid filled cavities or
pseudocysts may develop in a low percentage
of the patients (figure 6) 99,100.

BAVM-induced perfusion and diffusion
changes in the brain have been shown to nor-
malize with the obliteration process 70.

Management

Management strategies obviously differ ac-
cording to local expertise and preferences. Ad-
ditionally, in the absence of proper tools for an
assessment of the risks and benefits of each
treatment in each situation, management deci-
sions tend to be subjective and, in addition, bi-
ased towards treatments available “in-house”.
Optimally, a BAVM management group should
have all three treatment modalities available:
RS as well as microneurosurgery and em-
bolization. The treatment strategy should be
tailored to each individual patient. In addition,
no treatment at all may be the best option in
some cases.

Large BAVMs are a management problem
regardless of remedy and should in many in-
stances probably not be treated at Al.115,116. RS
for large BAVMs should be conducted with
caution until more data is published 89.

Consequently, these patients are best man-
aged by a team that has long experience and
expertise in all treatments.

Combined treatment
Most often the term combined treatment de-

notes either embolization followed by surgery,
or embolization followed by RS. Published re-
sults are sometimes excellent 117. However, mul-
timodality treatment should be used with cau-
tion, since the use of more than one treatment
modality may add risk without adding bene-
fit 118-120.

Figure 7 T1-weighted image with Gadolinium. Typical late
post radiosurgery pseudocyst with an enhancing, more solid
portion in the adjacent brain. The BAVM had been proven
by angiography to be cured. The enhancing scar tissue was
extirpated and the cyst was marsupialized. The patient re-
covered uneventfully.

Figure 8 The relation between the risk of hemorrhage dur-
ing the two year latency period, BAVM volume and mini-
mum radiation dose. Reproduced, with permission, from
Ref. (81). The risk is also age-related. Therefore the calculat-
ed risk in the graph should be multiplied by the age-related
relative risk factor from Fig. 9.
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Future trends
In the modern RS equipment used in many

centers today, dose planning software is already
sophisticated and not much improvement can
be expected. However, conformal irradiation to
the target volume can be improved and the
dose distribution optimized, which may im-
prove outcome.

The development of outcome models for RS
of large BAVMs (more than 10 ml) will help in
the management of these difficult lesions.

Some work has been done on radiosensitiz-
ers in RS of BAVMs, but so far there has been
no major breakthrough121,122.

The merging of functional and anatomic
imaging will become more useful, but this will
probably benefit surgery and embolization mo-
re than RS. The role of magnetoencephalogra-
phy in RS has not been defined.

Conclusions

Radiosurgery for BAVMs is an established
treatment with clearly defined risks and bene-
fits. The efficacy of radiosurgery for DAVS is
probably similar but the treatment has not yet
gained the same acceptance. Radiosurgical
treatment of intracerebral cavernomas (cav-
ernous hemangiomas) remains controversial.

Well founded predictive models for BAVM
radiosurgery show:

• The probability of obliteration depends on
the dose of radiation given to the periphery of
the BAVM.

• The risk of adverse radiation effects de-
pends on the total dose of radiation, i.e. the
amount of energy imparted into the tissue. The
risk is greater in centrally located lesions. The
risk of damage to brainstem nucleii and cranial
nerves must be added to the risk predicted by
the model.

• The risk of hemorrhage during the time
span before obliteration depends on the
BAVM volume, the dose of radiation to the pe-
riphery of the lesion and the age of the patient.
Central location is a probably also a risk factor.

Figure 9 The age-related risk factor for BAVM hemorrhage.
Reproduced with permission from Ref. (81).
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